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NMR Evidence for Unusual Bifurcated Hydrogen Bonding in the TXXH
Alpha-Helix N-capping Motif
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Hydrogen bonds (H-bonds) are generally weak (< 20 kJ/mol) but ubiquitous
interactions that determine in large part the cooperative folding and self-
assembly of biological macromolecules in aqueous solution. Although impor-
tant, most H-bonds are inferred indirectly and modeled using theoretical ideal-
ized geometry, therefore leaving instances of bifurcated or strained H-bonds
undetected. Here, we present direct solution NMR evidence for an unusual
bifurcated H-bonding arrangement comprising threonine Og-H and N-H donor
protons and histidine acceptor Nd1 within the conserved TXXH alpha-helix
N-capping motif of consensus ankyrin repeat (AR) proteins.
The threonine N-H/Nd1 histidine H-bonds were detected in the TXXH motif
of three and four-repeat AR proteins via 2hJNN hydrogen bond scalar coupling
(HBC) NMR correlation experiments. Comparison of the 2hJNN couplings and
histidine pKa values demonstrated that the N-H/Nd1 H-bonds of internal AR
(2hJNN ~ 4 Hz, pKa < 3) were stronger than those of the solvent-exposed C-ter-
minal AR (2hJNN ~ 2 Hz, pKa ~ 5.7). In addition to the N-H/Nd1
2hJNN cou-
plings, we also observed distinct 1hJHN HBCs connecting the threonine Og-H
and histidine Nd1 within the TXXH motif of internal ARs. Together, the
2hJNN and
1hJHN HBCs supported that a single histidine Nd1 acceptor had
two H-bond donors. Accordingly, two-bond reciprocal isotope shifts were de-
tected between the threonine N-H and Og-H protons in solvents with mixed
H2O/D2O composition. Finally, a threonine to valine replacement, which elim-
inated the Og-H/Nd1 H-bond and resulted in a destabilized protein, lead to a
relaxed valine N-H/Nd1 histidine interaction with enhanced 2hJNN (~5.2 Hz)
likely owing to an optimized bonding geometry. Overall, our results provide
new insight into the H-bonding ability of histidine and a challenging bench-
mark for the calculation of HBCs and their relation to H-bond energetics.
Supported by NSF grant MCB-1330488
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Oxidation Increases the Strength of the Methionine-Aromatic Interaction
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Oxidation of methionine disrupts the structure and function of a range of pro-
teins, but little is understood about the chemistry that underlies these perturba-
tions. We show that methionine oxidation dramatically increases the strength of
the methionine-aromatic interaction motif, a driving force for protein folding
and protein-protein interaction that has emerged in recent years. We have per-
formed a structural bioinformatics analysis of the PDB and CSD and found that
interactions between DMSO (a small molecule analog of methionine sulfoxide
(MetOx)) and aromatic groups are prevalent, even compared to methionine-
aromatic interactions. We then performed quantum mechanical calculations
and found that DMSO-aromatic interactions are substantially strengthened
compared to DMS-aromatic, especially in the cases of tyrosine and tryptophan
which are able to donate a hydrogen bond to the sulfonyl oxygen. The relative
bond energies correlate roughly with the relative abundance of phenylalanine-
tyrosine- and tryptophan-DMSO interactions found in the PDB. Through
protein-stability experiments we show that oxidation of methionine within
the motif stabilizes protein secondary structure by ~5 kcal/mol. We confirm
the biological relevance of these findings through a combination of cell
biology, EPR spectroscopy, and molecular simulations on 1) lymphotoxin-a/
TNFR1 binding; and 2) calmodulin (CaM) structure and dynamics. In the
case of LTa, we find that oxidation causes M120, a critical receptor-binding
residue, to seek out and bind to a nearby tyrosine, preventing receptor binding
and ligand function. In CaM, oxidation of C-terminal methionine residues
causes the appearance of a second stable state, which we predict leads to
changes in protein function. Thus, the methionine aromatic motif is a key
component in guiding how proteins sense and respond to oxidative stress.83-Plat
Electrostatics inside the SecY Translocon
Sara Capponi, Stephen H. White.
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SecY constitutes the core of the highly conserved SecYEG translocon complex
that governs the translocation or integration of proteins across or into cytoplasmic
membranes. Besides its role of guiding nascent membrane protein chains into the
lipid bilayer, it also plays an important role in determining transmembrane topol-
ogy via the so-called positive-inside rule. Site-directed mutations of translocons
are known to modify the topology of nascent a-helical segments [1]. We per-
formed molecular dynamics simulations of SecYE from Pyrococcus furiosus
[2] embedded in a POPC bilayer. In this structure, SecY is in a partially open
‘primed’ state. It conveniently remained open over the course of a 450 ns simula-
tion due to the presence of lipids wedged between helices TM2b and TM7 (the
lateral gate), thus allowingclose examinationof the electrostaticswithin the trans-
locon. Within the channel, water dipoles exhibit a preferred orientation, which
affects the electrostatic (ES) potential. Time-averaged ES maps reveal a largely
positive potential relative to the bulk aqueous phase within the channel except
for a strong negative peak at the N-terminus of TM2b. This has implications
for the entry of signal sequences into the translocon channel.
Research supported by NIH grants RO1 GM74637 and PO1 GM86685.
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Differentiation of PlasmaMembrane Composition and Physical Properties
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Membrane organization into functional domains is a key feature of cell phys-
iology. These domains spatially organize membrane components to actively
regulate signal transduction across the membrane. Despite this broad biological
impact, the lipid repertoires of different cell types, and their resulting regulation
of plasma membrane (PM) organization and function remain to be determined.
Mesenchymal stem cells (MSCs) are an ideal model system to investigate these
questions, as they can differentiate into several functionally distinct lineages -
here adipocytes and osteoblasts. We used MSCs to evaluate the differentiation
of the PM phenotype, defined by (1) the detailed, comprehensive lipid compo-
sition; (2) biophysical properties, including liquid-liquid phase separation; and
(3) functional signal transduction. We observed dramatic divergence of all
three aspects of the PM phenotype during MSC differentiation. Using quanti-
tative shotgun mass spectrometry, we found that adipocyte lipids have shorter
and more saturated fatty acyl chains than undifferentiated cells, while osteo-
genic cell lipids have longer tails and are more polyunsaturated. These lipido-
mic rearrangements determined the physical properties of the PMs, with a
divergence of both membrane fluidity and phase separation temperature during
MSC differentiation. These observations elucidate the compositional determi-
nants of biophysical properties in biological membranes, as well as identifying
lineage-specific PM features. The unique membrane features of each cell type
enabled rational remodeling of membrane phenotypes to direct differentiation.
Supplementation with a lipid component overexpressed in osteoblasts (-3 doco-
sahexaneoic acid (DHA)) promoted an osteoblastic PM phenotype, and poten-
tiated osteogenesis via alteration of signaling through the TGFb pathway.
These results comprise the first observations of compositional and biophysical
differentiation of PMs, identify the compositional determinants of biological
membranes physical properties, demonstrate the plasticity of cellular lipi-
domes, and enable rational engineering of the PM phenotype to promote
desired cellular outcomes.
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Real-Time Imaging of Nanoscopic Lipid Domains using iSCAT
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Cell membranes segregate their components into nanoscopic rafts. The small
(10-100 nm) and transient (< 100 ms) nature of these domains have made
them difficult to study. We use interferometric scattering microscopy (iSCAT)
to perform label-free imaging of lipid domains with sub-millisecond time-res-
olution and nanometre accuracy. Heating of individual domains reduces their
size below the diffraction limit and enables us to access a range of sizes; these
nanoscopic lipid domains are within our detection limit. We estimate a
18a Sunday, February 8, 2015minimum resolvable domain size of 40 nm for the achievable contrast in this
preliminary work.
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Using coarse-grained molecular dynamics simulations, we demonstrate the
nature of the membranophobic effect – a proposed phenomenon that governs
self-assembly of inclusions within a lipid bilayer, inspired by the statistical
mechanics of the hydrophobic effect. We study the nature of this effect on
membrane inclusions of various chemistries and sizes. We identify the range
of hydrophobic thicknesses over which this phenomenon occurs and charac-
terize the effects of the proposed phenomenon on small inclusions such as
cholesterol versus larger, multidomain transmembrane proteins. Our results
show that this effect can provide a force for assembly and reorganization in
a lipid bilayer based on the in-plane size and hydrophobic thickness of the in-
clusion, and the melting temperature of the surrounding lipids. We propose
that this effect provides a physical framework that can explain lipid raft
formation.
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Wide interest in the phase behaviour of amphiphilic bilayers has arisen since
the realisation that it can be exploited by nature, and engineers, to design-in
function via membrane domains. A key confounding feature is the presence
of two separate, yet coupled, leaflets within the bilayer. The question of
inter-leaflet domain alignment (registration) or otherwise is central to proposed
cellular roles such as protein localisation and, more fundamentally, creates a
zoo of phase behaviour that can only be captured by properly considering the
coupled leaflets. Experiment and simulation yield intriguingly disparate obser-
vations, but a full theoretical picture is lacking; existing phenomenological the-
ories provide insight but do not link large-scale behaviour to small-scale
features. We introduce a theory for phase separation in coupled leaflets by
explicitly coarse-graining a lattice model that includes molecule-level struc-
turing and interactions. We show that accounting for hydrophobic mismatch
between the mixed species leads to a complex competition of inter-leaflet
coupling energies. The free energy obtained helps unify some prima facie con-
tradictory observations by showing that domain antiregistration typically oc-
curs as a metastable state, but can be kinetically preferred during the initial
demixing of a bilayer. The role of kinetics in governing registration/antiregis-
tration is explored, and we find that a bilayer in the usual ‘‘spinodal region’’
may in fact require a nucleation process to equilibrate. Our results provide a
tractable coarse-grained model that explicitly depends on simplified molecular
interactions, providing novel insight and encouraging important future work in
which the intra- and inter-leaflet behaviour of mixed bilayers is carefully
investigated.
Reference: J. J. Williamson and P. D. Olmsted, arXiv:1408.2744 (in
preparation).
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Even though glycolipids are present at increased concentrations in the outer
leaflet of eukaryotic biomembranes, their influence on the mechanical proper-
ties of the membrane has not been studied in much detail. In this work, we
investigate the effect of GM1, a prominent example among glycolipids, on
the physical characteristics such as phase state and bending rigidity of mem-
branes. Both giant vesicles and large unilamellar vesicles made of palmitoylo-
leoylphosphatidylcholine (POPC) are explored. We find that for GM1 fractions
above ~5 mol%, the membranes are phase separated at room temperature and
exhibit GM1-rich microdomains with gel-like nature as observed by fluorescentmicroscopy. However, cholera toxin B, which is conventionally used as a GM1
marker, is found to be excluded from these domains. So is the fluorescently
labelled conjugate Bodipy-GM1. We also explore the influence of GM1 on
the membrane bending rigidity, which determines how pliable the membrane
to deformations is. Results obtained from fluctuation analysis of giant vesicles
and from the method of vesicle electrodeformation show a significant decrease
in the membrane bending rigidity with increasing GM1 fractions when ap-
proaching the 5 mol% region. Micropipette aspiration measurements show
that GM1 also leads to a decrease in the stretching elasticity modulus suggest-
ing stronger coupling of the two leaflets of the membrane and probably also
thickening of the bilayer. Our results are relevant to understanding the plasticity
of neurons and their protrusions.
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Examining the Effects of Cholesterol: Laurdan and Patman see it Differ-
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The liquid-ordered phase induced by cholesterol in phosphatidylcholine bila-
yers can be detected with Laurdan fluorescence by an increase in the associ-
ated Generalized Polarization (GP) value. This increase in GP is usually
interpreted as a reduction in the access of water molecules to the bilayer at
depths approaching the phospholipid glycerol backbones. Comparisons of
Laurdan fluorescence over a broad range of temperatures with various satu-
rated and unsaturated phosphatidylcholines demonstrated that cholesterol
has little effect on GP at temperatures below the melting point of the pure
lipid (tm). However, above tm, increasing cholesterol concentrations monoton-
ically raised the value of GP. The resulting GP increments generally did not
vary with temperature above tm. In contrast, the observations were more com-
plex with Patman, a charged derivative of Laurdan. First, cholesterol raised
the value of Patman GP at temperatures below tm, and its effect as a function
of concentration was bimodal. Second, although cholesterol increased Patman
GP above tm (similar to Laurdan), the effect size was smaller and was bimodal
as a function of cholesterol concentration. Finally, the GP values at high
versus low cholesterol concentration converged as temperature was raised
well beyond tm. In some cases, such as with unsaturated lipids R54
C above
tm, this convergence of Patman GP values reached a cross-over point; Patman
GP was reduced by the presence of cholesterol beyond this point. These re-
sults suggest that the charge associated with Patman, or possibly the slightly
deeper location of the probe in the bilayer, provides a means for identifying
additional effects of cholesterol on the membrane that are not visible with
Laurdan.
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The principles governing the in-plane organization of biomembranes remains
enigmatic more than 20 years after the proposition of the raft hypothesis.
The recent discovery of orientational texture of membrane gel domains repre-
sents a previously hidden level of membrane complexity[1]. Using polarized
two-photon fluorescence imaging we have shown that gel domains in phospho-
lipid membranes may contain long-ranged orientational texture patterns origi-
nating from the projection of the tilted acyl chains on the bilayer plane. Fourier
analysis of the signal variations with respect to polarization angle enables the
lipid orientation to be resolved spatially. We find that the texture of gel domains
can exhibit topological defects including a vortex, pairs of half-integer vortices,
and line defects[2]. Membrane texture resembles texture found in liquid crys-
tals and Langmuir monolayers and have also been associated with hexatic po-
sitional order of the lipids.
The texture pattern in membranes is closely linked to the lipid composition as
demonstrated by the occurrence of uniformly aligned domains for some compo-
sitions. Specifically, a close correlation has been found between the hydrophobic
(thickness) mismatch at the border of domains and the texture pattern[3].
Recently we have explored the possibility that the Shiga toxin protein from the
bacteria Shigella dysenteriae may remodel texture patterns in membranes. A
